Abstract: Steel components working in extreme conditions require materials presenting the highest performances. Nowadays, nanoengineering is being applied to the development of ultra-high strength steels as a key-enabling technology in the steel sector. The present article describes the multiscale structure of nano-grained steels designed using atomic transformation theory and processed by a simple heat treatment. Outstanding mechanical properties for these novel steels are reported, and strain-hardening mechanisms are discussed.
Nano-Grained Steels Formed by Solid Reaction
Reducing the grain size is the most common approach to improving the strength of polycrystalline materials. The reason is that the finer the grain size, the more quantity of grain boundary per unit volume of material, and thus the more difficult for dislocations to slide [1] . Thermomechanical processes, heat treatments or alloying additions are the traditional strategies to produce ultra-fine grained metals (100 nm-1 µm) [2] , whereas deposition-based processes and severe plastic deformation processes ensure the nanocrystallization (<100 nm) of metal structures [3, 4] .
In steels, it is also possible to heavily refine ferritic crystals by promoting displacive transformations at low temperatures or by rapid cooling [5] . Ultra-fine needle-shaped ferrite crystallites, as in martensite and bainite, grow by displacive transformation, while polygonal ferrite, coarse-grain boundary allotriomophs and intragranular idiomorphs, are formed by a reconstructive mechanism [6] .
Displacive reactions involve a sudden, ordered movement of iron atoms, which is accompanied by a given crystal correspondence between the austenite and ferrite lattices, and a macroscopic shape strain of the transformed structure [7] . Ferrite, in displacive transformation products, is formed as ultra-fine plate-like structures to minimize the large elastic strain energy [8] . It also applies to bainite, where the shape change is partially accommodated by plastic deformation, and the introduced defects limit the final size of formed plates, becoming thinner at low temperatures when the austenite is harder [9] .
Applying these fundamental concepts and reducing bainite reaction temperatures drastically by high-carbon (0.6-1.0 wt.%) and high-silicon (1.5-3.0 wt.%) alloying additions [10] , industrial components with bainitic structures consisting of nano-scale plates of ferrite and retained austenite, were manufactured by a simple isothermal heat treatment at low temperatures (125-325 °C), using dry gas technology for small components (20 cm × 2 cm × 3 cm) and a conventional salt bath for large components (70 cm × 40 cm × 20 cm) [11] . Preliminary tensile tests in lab cast material showed a remarkable combination of strength and ductility (Ultimate Tensile Strength) UTS, of 2075 MPa and total elongation of 20%) for samples containing 1.0 wt.% C and 3 wt.% Si additions and transformed at 250 °C, independent of the manufacturing route [12] . Development and upscaling of nano-grained bainitic steels (detailed compositions are given in Table 1 ) showed an outstanding wear performance and competitive values for fatigue strength [13] . Table 1 . Chemical composition of nano-grained bainitic steels, wt.%. [10] . The aim of the present work is to outline the multiscale complexity of nano-grained bainitic structures, revealing their intricate-phase distribution and carbon accumulation at the nearly atomic scale. For that purpose, a wide variety of techniques, including scanning and transmission electron microscopy (SEM and TEM), X-ray diffraction analysis (XRD), atom-probe tomography (APT) and electron backscatter diffraction (EBSD), has been used. The rationalization to their unprecedented mechanical performances was possible only after the comprehensive examination of the structure at several length scales. Figure 1 illustrates, at different magnifications, bainitic structures formed at low temperature in high-carbon high-silicon steels. They are revealed as a complex composite-like structure of two phases, ferrite (α) and austenite (γ). According to XRD, these bainitic structures can contain a significant amount of austenite (25-50%), depending on the transformation processes. While plates of ferrite are some tens of nanometers thick, austenite is retained in the ferritic matrix as two very different shapes, thin films between the plates of ferrite, also in the nanoscale, and coarser austenite blocks, in the micro and sub-micron scale as the SEM image in Figure 1a illustrates. Although the bainite reaction is controlled by a diffusionless growth process, the supersaturation of carbon within ferrite is rapidly reduced by carbon partitioning into the residual austenite [14] . Here, silicon addition inhibits the precipitation of cementite from austenite, and then carbon-enriched austenite is stabilized in the structure by the local suppression of the martensite start temperature. Given their morphological constraints and their specific location in the structure, thin films of austenite trapped between bainitic ferrite plates contain higher carbon than blocks of austenite [15] . As a result, high-silicon bainitic steels can contain an intricate carbon distribution in austenite with different morphologies and a wide range of austenitic grain sizes [12] .
Steel

Complex Composite-Like Structures
The high density of defects generated by plastic relaxation in austenite during the displacive reaction is apparently close to the austenite/ferrite interface in TEM images (Figure 1b,c) . At the exactzone diffraction condition of austenite, in addition to dislocations' tangles, multiple planar faults/twins in films of austenite are clearly observed; see Figure 1d [16] . Carbon might also segregate at these defects, therefore, interfering in the carbon-partitioning process into austenite after ferrite formation [17] .
At low-transformation temperatures, part of the carbon in the ferritic structure has the opportunity to precipitate inside the bainitic ferrite plates [18] . According to TEM images in Figure  1 , cementite particles are not observable as in the classical lower bainite. APT [19] and, more recently, in-situ synchrotron high energy XRD [20] have revealed the presence of cementite and η-carbide in low temperature bainite. Figure 2 illustrates the fine-carbon distribution detected in bainitic ferrite as a result of bainite reaction at 220 °C in a high-carbon high-silicon steel. Particles with an apparent carbon content of about 25 wt.% are identified as cementite [21] .
APT solute atom maps and corresponding proximity histograms in Figure 2 also quantify the redistribution of substitutional-solute partitioning across the interface, with special attention given to silicon. As already mentioned, silicon additions avoid the precipitation of carbides from austenite between the plates of bainitic ferrite, but it does not have an effect on the precipitation of carbides inside the ferrite plates. Evidences in Figure 2 confirm cementite precipitation within bainitic ferrite in high-silicon steels. The absence of partitioning of silicon, or other substitutional elements in APT results, suggest that cementite grows under paraequilibrium conditions [16] . In displacive reactions, the transformation product is restricted to the parent grain, and ferrite is formed with a crystal correspondence, in between the classic Kurdjumov-Sachs (K-S) and NishiyamaWassermann (N-W) orientation relationships. As the inverse-pole figure color map images in Figure  3 illustrate, low-temperature bainite exhibits the hierarchy ferritic sub-structure of blocks, i.e., aggregates of plates of ferrite of equal variant or variants slightly misoriented, and packets, i.e., adjacent blocks with a {1 1 0} ferrite plane almost parallel to the same {1 1 1} austenite plane, which is characteristic of lath martensite and bainitic ferrite in low-carbon steel [22] [23] [24] . The colors correspond to a crystal orientation, normal to the observed plane, representing different crystallographic variants. Here, a prior austenite grain encloses packets formed by three blocks with different orientations, and each block contains a single variant of ferrite. 
Understanding Tensile Properties of Nano-Grained Bainitic Steels
Exceptional hardness values (up to 700 HV), ultra-high strength values (up to 2 GPa) and, in some cases, unprecedented total elongations of more than 20% have been reported in lowtemperature bainite [12] . The strength in these structures comes from the high fraction of nano-scale ferritic plates, the high density of defects and the complex carbon distribution observed by atomprobe tomography and illustrated in Figure 2 [10] . What is remarkable is that, in addition to the nanoscale refinement of the structure, these steels are homogeneous in terms of Young's modulus [25] . This fact, together with a similar strength of the hard-bainitic ferrite and the carbon-enriched austenite, ensures under loading a low-stress partitioning between the phases [26] , which is key to achieve large elongations.
In addition, retained austenite may transform under deformation to martensite as TEM images show, in Figure 4 . The formation of twinned martensite in nano-grained bainite subjected to 6.4% deformation is confirmed by the diffraction pattern. The mechanical stability of austenite, i.e., its ability to remain untransformed during deformation, is mainly governed by its local chemical composition, its shape and size, crystal texture and the local constraint of the surrounding ferritic matrix [27] . Likewise, plastic deformation prior to mechanically-induced martensitic transformation is necessary to reach optimum uniform elongations in nano-grained bainitic steels. With the help of insitu neutron diffraction analysis [26] during tensile testing at room temperature, it was found that rapid strain hardening and, thus, premature failure is related to local stress-induced transformation of austenite to martensite, which is promoted by the constraint of stronger bainitic ferrite. On the contrary, when both ferrite and austenite consistently deform, larger elongations are achieved.
Additionally, the formation of twins in austenite films has been identified as a strain-hardening mechanism, contributing to ductility in these structures [28] . TEM examination of deformed structures revealed that thin films of austenite contained twins, and some of these twins are considered to be accommodation twins from the displacive transformation as those observed in undeformed samples and shown in Figure 1d ; but, also a second variant of twinning was observed in deformed samples with a high-strain level. Mechanical twins in austenite were formed by the direct effect of the stress. This is illustrated in a TEM image in Figure 4d . Since the local carbon content in austenite has a direct influence on the local-activated strain mechanisms, the austenite-twinninginduced plasticity (TWIP) effect, as well as the austenite-to-martensite transformation-induced plasticity (TRIP) effect, is possible in these structures by tailoring the carbon distribution in austenite with different morphologies and a wide range of austenitic grain sizes.
In-Use Properties and Application of Nano-Grained Bainite
The commercial prospective of nano-grained bainite is vast because the steels are processed by conventional treatments [11, 13] . However, before industrialization, complex properties, such as wear resistance, toughness and fatigue endurance, have to be examined.
Two types of wear experiments, sliding/rolling wear resistance and high-pressure abrasive wear resistance, were performed to study the behavior of the nanoscale bainite under different working conditions [29] . Outstanding wear performance was detected on reciprocating sliding tests compared to ultra-fine bainitic structures of equal or similar hardness. The highly refined structure and the transformation under strain of the austenite films contributed to the surface hardening, improving the wear performance [30] .
The high-pressure abrasive wear resistance was studied in conjunction with Charpy V impact toughness tests [11] . The performance of nanostructured bainite in these tests was found to be on par with significantly more expensive alloys, such as Hardox 500, which is a medium carbon, medium silicon commercial steel heat treated to a hardness of 500 HV; and largely improved, compared to 100Cr6 steel transformed to bainite.
Regarding rotation-bending fatigue, nano-grained bainite appeared to exhibit similar or lower fatigue strength, compared to 100Cr6 in spite of somewhat lower UTS [13] . However, the presence of retained austenite might be playing an important role on fatigue [31] . Microstructural examination by EBSD below the fracture surface enabled the identification of the nature of boundaries deflecting the crack [32] . Results confirmed that crystal boundaries, between separating bainite blocks, packets and twins, are the most effective boundaries. In addition, the block size was identified as the structure's parameter controlling crack propagation. Unfortunately, the effect of austenite morphology and distribution on the fatigue strength of these structures is uncertain mainly due to the technical difficulties of EBSD indexing this phase embedded in a nano-grained structure [32] .
The stability of nano-grained bainitic structures between 300 °C and 750 °C was investigated using XRD, TEM and APT [33, 34] . After tempering at 300 °C and 400 °C, a negligible change in the initial microstructure is observed. However, by increasing the tempering temperature to 450 °C, the austenite films decomposed into cementite and ferrite, though the austenite blocks persisted in the microstructure. This is because the films of austenite are much more enriched in carbon and, therefore, have a higher driving force for cementite precipitation.
Further decomposition of retained austenite occurs as temperature increases, and some large regions of retained austenite transform into colonies of pearlite with a fine interlamellar spacing. Tempering temperatures of 500 °C and above lead to microstructures where austenite is no longer observed but substituted by ferrite and carbides; the higher the tempering temperature, the coarser the carbides. Ferrite plate morphology still remains after tempering at 550 °C. However, there is a significant reduction in hardness at 600 °C, due to coarsening of the ferritic structure.
Recently, a group of steel makers, end-users and researchers has explored the application of these structures under different industrial settings, such that the appropriate alloy was chosen for each application and its performance was evaluated through industrial or semi-industrial trials [35] . They have questioned if outstanding preliminary results in rolling-sliding conditions can also be achieved in other wear-based applications and in contact fatigue, where former studies were not so conclusive. They confirmed that nano-grained steels perform very well in applications, related to contact fatigue, or contact fatigue combined with some sliding wear, but they did not provide an advantage in applications related to third-body abrasion or abrasive wear.
Out of the studied industrial applications, high-carbon high-silicon bainitic steels have showed competitive performance on bearings, on steel mill rollers, especially for warm application, i.e., as guide rollers, and on sheet metal, cutting punches over the reference X153CrMoV12 steel sandblasted and coated. Interestingly, nano-grained bainitic steels also performed well as coating substrate. In that case, the application of a hard coating decreased the amount of abrasive wear suffered, while the good contact fatigue resistance avoided the appearance of chipping or cracking.
Conclusions
Recently developed innovative ultra-high strength steels rely on nano-grained bainitic structures, which contain a significant amount of austenite (25-50%), depending on the transformation processes. The ferrite matrix is heavily dislocated and hierarchically sub-structured into packets, blocks and laths as a natural consequence of the atomic displacive transformation mechanisms. In addition, the austenite is present in two forms: (i) micron/submicron blocks of retained austenite located between the ferrite packets and (ii) nano-scale films of austenite, which are retained between the ferrite lath subunits within a given packet or block. The retained austenite may transform into martensite during deformation, which enables ultra-high-strength steels to reach unprecedented uniform elongations. However, other strain mechanisms, such as twinning in austenite, cannot be excluded; in fact, twinning can be activated locally in an austenite region of these novel structures with a preference for certain morphology and austenite grain sizes based on its composition. 
